INTRODUCTION
Dysosteosclerosis (DSS) is the form of osteopetrosis characterized by the additional features of platyspondyly, remarkable acquired metaphyseal osteosclerosis and red-violet macular atrophy of skin (1) . Fewer than 25 cases have been reported since the first description by Ellis in 1934 (2) . The features of DSS were later delineated by Spranger et al. (3) in 1968. Although the molecular basis is unknown, locus heterogeneity is suggested by consanguinity in some families (2, 4) which supports autosomal recessive inheritance, and X-linked recessive transmission in another family with classical signs including dermatological findings (5) .
RESULTS
We identified two unrelated children with DSS. Their clinical features are given in Table 1 and their radiographs are shown in Figure 1 . They presented with fractures, cortical thickening and widening of the diaphysis of the long bones, cranial base sclerosis, broad ribs with sclerosis and platyspondyly. Subject 1 suffered from recurrent ear and skin infections between the ages of 8 and 11 months. Subject 2 presented with a pulmonary infection at two years of age and later necessitated surgical removal of her adenoids for breathing difficulties. Bone marrow biopsies were not performed in either child. Neither child had neurological symptoms or dental anomalies. Only † subject 1 had skin findings, which were recurrent transient erythematous papules on the lower abdomen (1). Dual-energy X-ray absorptiometry for subject 1 showed a lumbar spine BMD Z-score of +8.1 at 2 years of age, and +11.9 at 5 years of age. Because she has short stature, these greatly elevated bone density scores are actually underestimates (6) .
We performed whole-exome sequencing to identify the genetic basis of DSS. Our study was approved by the Institutional Review Board of the Baylor College of Medicine. As shown in Table 2 , after discrete filtering against dBSNP129 for variants with known minor allele frequencies ,5% (according to the 1000 Genomes Pilot project), only 303 genes had rare or novel protein-impacting variants in both subjects. As an initial strategy, we kept genes in which variants corresponded to an autosomal recessive model (i.e. homozygous or compound heterozygote variants). There were 132 such overlapping genes. Given the high number of false-positive INDEL calls, we preferentially explored genes that showed at least one single nucleotide polymorphism (SNP). As shown in Table 2 , only 17 genes shared by the two subjects showed rare or novel protein-impacting variants. Variants were visualized and compared with 12 other exomes of subjects with unrelated conditions. After keeping only high-quality variants (e.g. removing variants in repeat regions or variants seen in unrelated conditions that are likely false positives), and considering variants predicted to be pathogenic, only SLC29A3 variants remained. Subject 1 is heterozygous for p.Ser203Pro (c.607T.C) and p.Arg386Gln (c.1157G.A). Subject 2, whose parents are second cousins, is homozygous for p.Thr449Arg (c.1346C.G). The mutated residues are highly conserved among mammalian species, and we confirmed the variants by , and have been reproduced with authorization from the publisher. For subject 2, radiographs were taken at 4 years of age. Note the sclerosis at the skull base, periphery of the iliac wings and metaphyses, platyspondyly, and in the long bones cortical thickening at the diaphysis, diaphyseal enlargement with relative radiolucency and a fracture in subject 2. Sanger sequencing (Fig. 2) . The heterozygous variants in subject 1 were also confirmed to be on separate alleles (p.Ser203Pro from the mother and p.Arg386Gln from the father).
To assess whether SLC29A3 is expressed in osteoclasts, we performed immunohistochemistry in mouse bones. As shown in Figure 3 , there is a strong punctate pattern of SLC29A3 in the cytoplasm of multinucleated cells, i.e. osteoclasts, lining the bone (Fig. 3A) . We also isolated peripheral blood monocytes from the two DSS subjects described, differentiated them in vitro and performed a demineralization assay. Consistent with the 'osteoclast-poor' bone biopsy findings previously demonstrated in subject 1 (1), osteoclastic differentiation was impaired in the DSS samples ( Fig. 3B and C) , and the ability of the differentiated osteoclasts to demineralize a crystalline calcium phosphate surface was also markedly reduced ( Fig. 3D-F) . 
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DISCUSSION
Variants in SLC29A3 are known to cause pigmented hypertrichosis with insulin-dependent diabetes (PHID) and H syndrome (skin hyperpigmentation and hypertrichosis, hepatosplenomegaly, heart anomalies, hearing loss, hypogonadism and low height) (7, 8) , with the addition of two related conditions, Faisalabad histiocytosis and sinus histiocytosis with massive lymphadenopathy. All four disorders were recently suggested to be aggregated under the term histiocytosislymphadenopathy plus syndrome [see OMIM (Online Mendelian Inheritance in Man) no. 602782 and references therein].
There is some clinical overlap between PHID and H syndrome, and in some families both conditions manifest (9) . Furthermore, there is phenotypic variability as mildly affected individuals have also been described (10) . Table 3 shows the overlap between PHID, H syndrome and DSS. Although PHID and H syndrome do not manifest osteopetrosis, affected individuals can have camptodactyly, clinodactyly, short stature and hallux valgus. In one family where one child was diagnosed with H syndrome and another more severely affected child was diagnosed with PHID and brachydactyly, a skeletal survey in the latter was noted only to show osteopenia in the metacarpals and metatarsals (9) . One of the mutations we identified (p.Thr449Arg) has previously been shown to impair nucleoside transport (11) . Also, in the homozygous state, like in subject 2, the variant caused PHID. Furthermore, one of the heterozygous mutations in subject 1 (p.Arg386Gln) causes H syndrome when homozygous in a Syrian family (12) . The reasons for the pleiotropism and variability of SLC29A3-related diseases are not known; however, modifier genes could possibly be involved. We queried the list of rare and novel variant changes in genes known to be important for osteoclastogenesis and osteoclast function, using Uniprot (13) and Genedistiller (14), but we did not identify such likely candidates apart from the CLCN7 missense variant of unknown significance previously published for subject 1 and her father (1). Good coverage was obtained for known osteopetrosis genes in both subjects and no other notable variants were identified. Future investigation of additional DSS patients will allow the assessment of the role of known osteopetrosis genes or other modifier genes in the presentation of DSS. SLC29A3 encodes a nucleoside transporter localized in lysosomes and is highly expressed in some white blood cells such as histiocytes and macrophages. Mice deficient in SLC29A3 have significant lysosomal dysfunction in macrophages (15) ; proper lysosomal function is also crucial for osteoclasts. We propose that SLC29A3 could be important for osteoclast differentiation and activity.
In summary, we describe two unrelated children with DSS associated with autosomal recessive inheritance of variants in SLC29A3. While we have unraveled a single locus for this disease that has potential genetic heterogeneity, investigation of future cases will be critical to better understand the pathophysiology of DSS. The importance of SLC29A3 for lysosomes, its expression in osteoclasts and the reduced number of osteoclasts both in vivo and in vitro in our patients suggest that this protein may impact osteoclast differentiation and function.
MATERIALS AND METHODS

Whole-exome sequencing
Exomes were captured on Nimblegen's SeqCap EZ V2.0 library (Roche NimbleGen, Madison, WI, USA) and sequencing was conducted on Illumina HiSeq 2000 (Illumina, San Diego, CA, USA). Sequence reads were aligned to the hg18 iteration of the reference human genome using Burrows -Wheeler Aligner (v 0.5.9) (16) and realigned using the Genome Analysis Toolkit (GATK) for base quality score recalibration, indel (insertion or deletion) realignment and duplicate removal (17, 18) . Both samples achieved over 90% targeted bases at 20× coverage. SNPs were called using Sequence Alignment/ Map tools (SAMtools) Pileup (version 0.1.17) (19) and short indels were called using SAMtools (19) , Atlas-INDEL (20) and GATK (17) . INDELs were overlapped using a three of three concordance criteria and included in our variant list. Variants were annotated with ANNOVAR (ANNOtation of genetic VARiants) (21); protein-impacting variants that were rare (minor allele frequency ,5%) or novel were preferentially explored. Gene candidates were then assessed using databases such as database for non-synonymous SNPs' functional predictions, which assesses the functional impact and the conservation of the mutations (22), Uniprot for the function of the proteins (13), Nextprot for the expression pattern, Mouse Genome Informatics and OMIM for the phenotypes in mice and humans and, finally, Genedistiller2 for a combination of some of the above databases. The accession numbers for the human SLC29A3 gene are as follows: NCBI Gene: 55315; GenBank transcript: NM_018344; CCDS protein: 7310.
In vitro differentiation of monocytes
Peripheral blood mononuclear cells were isolated using a double-gradient technique (Sigma Histopaque 1077 and 1119 using the manufacturer's instructions), and monocytes were selected and differentiated for 21 days as described previously (23) , then stained for tartrate-resistant acid phosphatase (TRAP assay kit, Sigma). The demineralization assay was performed by differentiating monocytes on a Corning Osteo 
